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INTRODUCTION
It has become clear that cognitive dysfunction in the aged brain is not paralleled by gross neurodegeneration but by synaptic and plasticity-related molecular alterations [1] [2] [3] [4] [5] , impairments of which are believed to facilitate later onset of dementia-related neurodegenerative diseases. It is therefore critical to gain mechanistic insight into the molecular mediators that drive aging in the brain and consequently underlie age-related vulnerability to neurodegenerative diseases. Indeed, identifying such molecular mediators may provide potential targets by which to rejuvenate the aged brain and counteract the effects of aging that promote the onset of neurodegenerative diseases, such as Alzheimer's disease.
Recent work proposes the dynamic form of intracellular protein glycosylation, O-linked N-Acetylglucosamine (O-GlcNAc), as an attractive target for regulating aging-specific synaptic and plasticity-related molecular alterations, as well as neurodegenerative phenotypes [6] [7] [8] [9] [10] [11] . O-GlcNAcylation is regulated by two enzymes-O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA)-which catalyze the addition and removal of O-GlcNAc to serine and threonine residues of proteins, respectively. To date, this dynamic post-translational modification has been shown to mediate various aspects of synaptic plasticity underlying learning and memory formation in the adult mouse hippocampus [12] [13] [14] [15] [16] [17] [18] [19] . Analyses of synaptic terminal preparations isolated from brain tissue in young mice have identified high O-GlcNAcylation on synaptic proteins [6] [7] [8] [9] . Acute pharmacological manipulations of global O-GlcNAc mediate both longterm potentiation (LTP) and long-term depression (LTD) in hippocampal slices; two critical physiological synaptic processes regulating memory formation [13, 18] . Furthermore, reducing levels of O-GlcNAcylation in vitro decreases dendritic spine density in primary neurons [19] . Interestingly, constitutive loss of Ogt in C. elegans elicits neurodegenerative phenotypes and results in shortened lifespan [20, 21] . Similarly, in genetic knockout mouse models, embryonic loss of neuronal OGT elicits early death in postnatal mice [22] , while constitutive loss in forebrain neurons elicits neurodegeneration in adult mice [8] . There is much speculation about the role of O-GlcNAc within the context of neurodegenerative conditions. However, while O-GlcNAc levels decrease in the adult brain during both normal aging [23] and Alzheimer's disease [6, 8, 24] , the role of O-GlcNAcylation in contributing to physiological brain aging has been largely overlooked.
In this study, we report that countering age-related decreased O-GlcNAcylation rescues cognitive impairments in the aged (legend continued on next page) mouse hippocampus. We detect decreased OGT expression and lower O-GlcNAc levels in the aged hippocampus, concomitant with age-related synaptic and cognitive impairments.
Mimicking an age-related loss of O-GlcNAcylation by targeting OGT in adult neurons reduces expression of plasticity-related markers and dendritic spine density in the hippocampus of adult mice. Moreover, acute loss of neuronal O-GlcNAcylation impairs hippocampal-dependent learning and memory processes. Excitingly, increasing neuronal O-GlcNAcylation by overexpressing OGT in the hippocampus enhances associative fear memory in young animals, while improving spatial learning and memory, as well as associative fear memory in aged mice. Our findings posit decreased O-GlcNAcylation as a driver of synaptic and cognitive decline in the aging brain, with functional implications for cognitive rejuvenation.
RESULTS

Decreased OGT Expression and O-GlcNAcylation Accompany Neuronal and Cognitive Hallmarks of Brain Aging in the Hippocampus
The hippocampus (comprising the CA1, CA3, and dentate gyrus [DG] sub-regions) is a particularly vulnerable brain region to the effects of aging, exhibiting stereotypical hallmarks that include downregulation of plasticity-related genes, reduced dendritic spine density, decreased synaptic plasticity, and impairments in associated cognitive functions [25] . Therefore, to begin our investigation, we assessed how OGT expression and O-GlcNAcylation broadly change with age in the adult hippocampus. We profiled hippocampal lysates from young and aged wild-type mice and observed a decrease in OGT protein levels, as well as a decrease in global protein O-GlcNAcylation with age ( Figures 1A and 1B ). Next, we established a reference point for characteristic hallmarks of hippocampal aging reported to be amenable to brain rejuvenation [26] [27] [28] [29] . First, we assessed the levels of the activated phosphorylated form of the transcription factor CREB (pCREB)-previously demonstrated to underlie improvements in hippocampal-dependent cognitive function in the aged brain [26, 29] , and whose O-GlcNAcylation status regulates amygdala-dependent memory formation [16] . We detected an agedependent decrease in pCREB ( Figures 1C and 1D ) concomitant with decreased expression of cFos ( Figures 1C and 1E) , an immediate early gene downstream of CREB also implicated in cognitive rejuvenation [28] . No widespread cell loss or neurodegenerative phenotypes were observed by Nissl body staining ( Figures 1C and 1F) or DAPI-mediated cell counts ( Figure S1A ). To profile synaptic structural changes in hippocampal neurons, we employed Golgi staining and observed an age-dependent decrease in tertiary dendritic spine density in CA1 pyramidal and DG granular neurons ( Figure 1G ). Additionally, we examined the expression of several synaptic markers in hippocampal lysates from young or aged mice by western blot analysis. We observed an age-dependent decrease in subunits 2A and 2B of the post-synaptic Glutamate NMDA receptor (NR2A; NR2B) and a corresponding increase in the NR2A/NR2B ratio ( Figures  1H and 1I ), often used as an indicator for synaptic function [30] . No changes were detected for the post-synaptic scaffolding protein PSD-95, pre-synaptic vesicle endocytosis protein Synaptophysin, and vesicle release regulating protein Synapsin1 ( Figures 1H and 1I ). Last, we characterized hippocampal-dependent learning and memory in young and aged mice. Consistent with previous reports [31, 32] , we detected age-related impairments in spatial memory using the radial arm water maze (RAWM) paradigm ( Figures 1J and 1K ; Data S1A), as well as impaired associative memory in contextual ( Figure 1L ), but not cued ( Figure 1M ), fear conditioning. No differences in baseline freezing or open-field activity were observed (Figures S1B and S1C). These data indicate age-related decreases in OGT and O-GlcNAc levels accompany neuronal and cognitive hallmarks of brain aging in the hippocampus.
Decreased Neuronal O-GlcNAcylation Elicits Aging-Associated Cellular Phenotypes in the Adult Hippocampus
We next assessed whether mimicking an age-related decrease in OGT and O-GlcNAcylation elicited features of brain aging. Specifically, to investigate the effects of decreased neuronal O-GlcNAcylation, we generated Ogt flox/y mice carrying an inducible CamK2a-Cre-ER T2 gene, in which Ogt is excised specifically in young adult forebrain neurons upon tamoxifen administration (Ogt-cKO mouse) ( Figure 2A controls ( Figure S2A ). Significant changes in expression were not detected outside of the forebrain in the cerebellum ( Figure S2B ). We assessed for gross hippocampal neurodegeneration using Nissl body staining, DAPI-mediated cell counts ( Figure S2C) , and immunohistological analysis for the apoptosis marker cleaved caspase 3, and no widespread cell loss or apoptosis were observed in Ogt-cKO or wild-type control mice ( Figures  2B, 2E , and S2D).
Subsequently, we profiled aging-associated synaptic plasticity-related changes at the molecular and structural level in the hippocampi of Ogt-cKO mice using immunohistochemistry and Golgi analysis. We detected a decrease in neuronal pCREB in both CA1 and DG sub-regions and reduction in the number of activated neurons expressing cFos in the CA1 region of Ogt-cKO mice compared to control animals ( Figures 2B-2D ). Additionally, we examined whether Ogt-cKO mice displayed accompanying alterations in neuronal structure at the synaptic level using Golgi analysis. Acute loss of neuronal OGT resulted in a reduction in the number of tertiary dendritic spines on CA1 pyramidal neurons in Ogt-cKO mice ( Figures 2F and 2G ). Taken together, these in vivo data indicate that decreased O-GlcNAcylation in adult forebrain neurons recapitulates molecular and structural features observed during normal aging in the adult hippocampus.
Decreased Neuronal O-GlcNAcylation Alters Hippocampal Synaptic Protein Expression and Function
Next, we assessed expression of several synaptic markers in hippocampal lysates from Ogt-cKO or control mice. We observed a decrease in the protein levels of both NR2A and NR2B, an increase in the NR2A/NR2B ratio, as well as a decrease in PSD-95 and Synapsin1 in Ogt-cKO compared to control mice ( Figures 3A and 3B ). No differences were detected in Synaptophysin between genotypes ( Figures 3A and 3B ). Overall, Ogt-cKO mice display changes in synaptic protein expression indicative of altered synaptic function.
To expand upon these findings, we performed extracellular electrophysiological recordings of Schaffer collateral projections from CA3 to CA1 in hippocampal slices of Ogt-cKO and control mice ( Figure 3C ). We calculated the input-output relationship by plotting the amplitude of presynaptic volleys with the resulting slope of the evoked field excitatory post-synaptic potential (fEPSP) and detected no overall change in synaptic strength between Ogt-cKO and control mice ( Figure 3D ). We next measured paired-pulse ratio (PPR) to assess presynaptic release probability and did not observe a significant difference between control and Ogt-cKO mice ( Figure 3E ). These results suggest Ogt-cKO mice exhibit normal basal synaptic transmission from CA3 to CA1 compared to controls. While we observed no difference in LTD ( Figures 3F and 3G ), we did detect an increase in LTP in Ogt-cKO compared to control mice ( Figures 3H and 3I ) that was inversely correlated with hippocampal Ogt protein expression ( Figure 3J ). Collectively, these data indicate that decreased neuronal O-GlcNAcylation alters synaptic protein composition and excitatory synaptic function.
Decreased Neuronal O-GlcNAcylation Impairs Hippocampal-Dependent Learning and Memory
At a cognitive level, we profiled anxiety function using open field, and hippocampal-dependent learning and memory using RAWM and fear conditioning paradigms in Ogt-cKO and control mice ( Figure 4A ; Figure S3A ). No differences in the time spent in the periphery or center of the open field were observed between genotypes during testing, indicative of normal general anxiety ( Figure S3B ). When testing spatial learning and memory using RAWM, all mice showed similar learning capacity during the training phase ( Figure 4B ). However, Ogt-cKO mice committed significantly more errors in locating the target platform during the testing phase compared to control animals ( Figures 4B and 4C ; Data S1B). During fear conditioning, Ogt-cKO mice exhibited elevated baseline freezing levels ( Figure S3C ), and when controlling for baseline freezing Ogt-cKO mice displayed decreased freezing during contextual and cued memory testing compared to controls ( Figures 4D and 4E ). These behavioral data indicate that loss of neuronal O-GlcNAcylation in adult mice elicits impairments in spatial learning and memory and associative fear memory.
Increased Neuronal O-GlcNAcylation in the Hippocampus Enhances Associative Fear Memory, but Not Spatial Learning and Memory, in Young Animals
Our findings indicate that decreasing neuronal O-GlcNAcylation mimics aspects of aging-associated cognitive impairments in the adult hippocampus. However, it remains an open question whether increasing O-GlcNAcylation in the adult hippocampus can enhance cognitive function. To test this possibility, we utilized a viral-mediated overexpression approach. We generated a lentivirus (LV) construct encoding OGT under the control of a neuron-specific Synapsin promoter. OGT overexpression and increased O-GlcNAcylation was confirmed in vivo in the hippocampus of adult wild-type mice stereotaxically injected LV encoding OGT ( Figure S4 ).
Subsequently, young adult wild-type mice were then given bilateral stereotaxic injections of high-titer virus encoding OGT or GFP into their hippocampi and behaviorally tested following recovery using open-field, RAWM, and fear-conditioning paradigms ( Figure 5A ; Figure S5A ). No differences in the time spent in the periphery or center of the open field were observed ( Figure S5B ). All mice showed similar learning capacity during the training phase of the RAWM ( Figure 5B ), and no differences in the number of errors in locating the target platform were observed during learning and memory testing ( Figures 5B and 5C ; Data S1C). During fear conditioning, no differences in baseline freezing time were detected (Figure S5C) . However, mice with increased neuronal expression of OGT exhibited increased freezing time during contextual ( Figure 5D ), but not cued ( Figure 5E ), memory testing. The data indicate that increased neuronal O-GlcNAcylation in the adult hippocampus is sufficient to enhance associative fear memory, but not spatial learning and memory, in young adult mice.
Increased Neuronal O-GlcNAcylation in the Hippocampus Ameliorates Impairments in Spatial Learning and Memory and Associative Fear Memory in Aged Animals Last, we investigated the potential of increasing neuronal O-GlcNAcylation in the aged hippocampus to rescue age-related cognitive impairments. Aged animals were given bilateral stereotaxic injections of high-titer LV encoding OGT or GFP under the Synapsin promoter into the hippocampus and behaviorally tested following recovery using open field and RAWM or fearconditioning paradigms, respectively ( Figure 6A ; Figure S6A ). No differences in the time spent in the periphery or center of the open field were observed ( Figure S6B ). When testing spatial learning and memory using RAWM, all mice showed similar learning capacity during the training phase ( Figure 6B ). However, aged mice with increased neuronal OGT expression committed significantly less errors in locating the target platform during the learning and memory testing phase compared to control aged animals ( Figures 6B and 6C ; Data S1D). During fear-conditioning training mice exhibited no differences in baseline freezing time ( Figure S6C ). However, aged mice with increased neuronal OGT expression exhibited increased freezing time during contextual ( Figure 6D ), but not cued ( Figure 6E ), memory testing. Additionally, a naive young adult control group was included, and age-related cognitive impairments were corroborated in control aged animals ( Figures 6B-6E) . These behavioral data indicate that increased neuronal OGT expression in the aged hippocampus is sufficient to rescue, in part, age-related cognitive impairments, positing increased O-GlcNAcylation as a valuable molecular target for cognitive rejuvenation. 
DISCUSSION
Cumulatively, our data frame O-GlcNAc as a neuroprotective post-translational protein modification, whose age-related decline promotes neuronal and cognitive impairments that increase susceptibility to subsequent neurodegenerative phenotypes. Our genetic knockout and in vivo overexpression data demonstrate that modulating O-GlcNAcylation in the adult brain, by targeting neuronal OGT, can bi-directionally regulate hippocampal-dependent cognitive function in young adult animals. Moreover, we demonstrate that increasing neuronal OGT in the aged hippocampus is sufficient to rescue, in part, age-related impairments in hippocampal-dependent cognitive processes. Ultimately, our data identify O-GlcNAcylaton as a key molecular mediator promoting cognitive rejuvenation.
In addition to aging-associated hallmarks, we did observe some alterations in Ogt-cKO mice not classically observed in the aged brain, mainly a decrease in synaptic PSD-95 and Synapsin-1 expression alongside increased LTP. While increased LTP is often assumed to be a correlate for cognitive enhancement, it has also been reported by independent groups in the presence of cognitive impairments [33] [34] [35] -suggesting the relationship between LTP and memory is more complex than previously appreciated. In line with this, we detected impairments in both hippocampal-dependent spatial learning and memory, as well as associative fear memory in Ogt-cKO mice despite observing an increase in hippocampal LTP.
Previous work using a non-inducible conditional OGT knockout mouse model, in which neuronal Ogt is excised during post-natal development, reported gross neurodegeneration and cell death in the adult hippocampus after extended loss of neuronal OGT [8] . By contrast, we demonstrate that mimicking Current Biology 29, 1-11, October 21, 2019 7 an age-related decline in O-GlcNAcylation in adult mice by utilizing a temporally controlled neuronal Ogt knockout mouse model recapitulates a surprising number of aging-associated neuronal and cognitive impairments in the absence of neurodegeneration. Our findings are consistent with complementary studies reporting no cell death in the adult brain after acute loss of neuronal O-GlcNAcylation, although investigations were predominantly focused on the hypothalamus [36] . Collectively, these studies begin to provide temporal resolution between the more acute effects of decreased O-GlcNAcylation in regulating synaptic plasticity-related phenotypes versus the more chronic effects on neurodegeneration. These findings also reflect the initial emergence of synaptic plasticity-related impairments observed during normal aging that are followed long term by neuronal loss in age-related neurodegenerative conditions, such as Alzheimer's disease.
Differences in decreased O-GlcNAc levels exist between the brains of normal aged individuals and Alzheimer's disease patients, suggesting that the magnitude of this decline may differentially regulate aging-associated versus neurodegenerative phenotypes. In addition to differences in overall O-GlcNAc levels, differential expression of distinct OGT isoforms may likewise represent complementary mechanisms selectively governing normal brain aging and onset of neurodegenerative conditions. In mammals, both a full-length OGT isoform (ncOGT) and a short OGT isoform (sOGT) are present in the nucleus and cytoplasm and differ only in their protein-protein interaction domains. Although ncOGT is more catalytically active, each isoform is believed to have a degree of protein recognition specificity [37, 38] . In the adult mammalian brain ncOGT and sOGT are highly expressed in the hippocampus, with expression of ncOGT selectively decreasing during aging [23] . It is necessary for future studies to begin to delineate how specificity for protein O-GlcNAcylation by the different OGT isoforms may regulate aging-associated versus neurodegenerative neuronal phenotypes through distinct molecular mechanisms. While proteomics analysis at the synaptic level has revealed high levels of O-GlcNAcylation in the hippocampus of young adult mice [12, 14, 15, 17] , no such comparative studies exist in the context of physiological aging and Alzheimer's disease.
From a translational perspective, mounting evidence in animal models indicates potential for rejuvenation of cellular and cognitive functions in the aging brain [25-29, 39, 40] . However, the ability to utilize this potential is predicated on identifying molecular targets that reverse the effects of aging in vulnerable regions of the brain, such as the hippocampus. Our behavioral data in young adult and aged mice posit increased O-GlcNAcylation as a key molecular mediator promoting cognitive rejuvenation. Indeed, increasing OGT in the aged hippocampus was sufficient to ameliorate age-related impairments in learning and memory. Given the emerging beneficial attributes ascribed to O-GlcNAcylation, significant therapeutic potential exists with respect to developing interventions that target post-translational protein modifications to enhance cognition, reverse brain aging, and consequently circumvent onset of age-related neurodegenerative diseases. Interestingly, in C. elegans increasing O-GlcNAcylation has been reported to extend lifespan [20] , raising the tantalizing possibility that O-GlcNAcylation-mediated rejuvenation may extend beyond the brain to broad tissue types at the organismal level.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Radial Arm Water Maze Spatial learning and memory was assessed using the RAWM paradigm [41] . In this task the goal arm location containing a platform remains constant throughout the training and testing phase, while the start arm is changed during each trial. Entry into an incorrect arm is scored as an error, and errors are averaged over training blocks (three consecutive trials). On day one during the training phase, mice are trained for 15 trials, with trials alternating between a visible and hidden platform. Every 3 trials are counted as one block of training. Prior to the final 3 trials of day 1 (block 5), the mice are given an extended break, and short-term memory is then tested using three consecutive hidden platform trials. On day 2 during the testing phase, mice are tested for 15 trials per day with a hidden platform. All behavior is performed double blinded.
Contextual Fear Conditioning
Associative fear memory was assessed using contextual and cued fear conditioning paradigms [32] . In this task mice learned to associate the environmental context (fear conditioning chamber) with an aversive stimulus (mild foot shock; unconditioned stimulus, US) enabling testing for hippocampal-dependent contextual fear conditioning. The mild foot shock was paired with a light and tone cue (conditioned stimulus, CS) in order to also assess amygdala-dependent cued fear conditioning. Conditioned fear was displayed as freezing behavior. Specific training parameters are as follows: tone duration is 30 s; level is 70 dB, 2 kHz; shock duration is 2 s; intensity is 0.6 mA. On day 1 each mouse was placed in a fear-conditioning chamber and allowed to explore for 2 min before delivery of a 30 s tone (70 dB) ending with a 2 s foot shock (0.6mA). Two min later, a second CS-US pair was delivered. On day 2 each mouse was first place in the fear-conditioning chamber containing the same exact context, but with no administration of a CS or foot shock. Freezing was analyzed for 1-3 min. One h later, the mice were placed in a new context containing a different odor, cleaning solution, floor texture, chamber walls and shape. Animals were allowed to explore for 2 min before being re-exposed to the CS. Freezing was analyzed for 1-3 min. Freezing was measured using a FreezeScan video tracking system and software (Clever Sys). All behavior is performed double blinded.
Open Field
Mice were placed in the center of an open 40cm x 40cm square chamber (Kinder Scientific) with no cues or stimuli and allowed to move freely ofr 10 min. Infrared photobeam breaks were recorded and movement metrics analyzed by MotorMonitor software (Kinder Scientific).
Western Blot Analysis
Mouse brain tissues were dissected after perfusion of animal and snap frozen and lysed in RIPA lysis buffer (500 mM Tris, pH 7.4, 150 mM NaCl, 0.5% Na deoxycholate, 1% NP40, 0.1% SDS, complete protease inhibitors 2X; Roche, and PUGNAc 100uM; Sigma). Tissue lysates were mixed with 4x NuPage LDS loading buffer (Invitrogen), loaded on a 4%-12% SDS polyacrylamide gradient gel (Invitrogen), and subsequently transferred onto a nitrocellulose membrane. The blots were blocked in 5% milk in Tris-Buffered Saline with Tween (TBST) and incubated with mouse anti-O-GlcNAc antibody (RL2) ab2739 (1:500, Abcam), rabbit anti-OGT antibody (H-300) sc-32921 (1:1000, SC Biotech), rabbit anti-PSD-95 antibody #2507 (1:300; CS Technology), rabbit anti-NR2B ab65783 (1:1000, Abcam), rabbit anti-synapsin-1 ab18814 (1:1000, Abcam), mouse anti-synaptophysin (SY38) MAB5258 (1:1000, EMD Millipore), and mouse anti-GAPDH (6C5) ab8245 (1:10,000, Abcam). Horseradish peroxidase-conjugated secondary antibodies and an ECL kit (Clarity ECL, Bio-Rad) were used to detect protein signals. Multiple exposures were taken to select images within the dynamic range of the film. Selected films were scanned (300 dpi) and quantified using FIJI software (Version 1.0). GAPDH bands were used for normalization.
Immunohistochemistry
Tissue processing and immunohistochemistry was performed on free-floating sections. Mice were anesthetized with ketamine, transcardially perfused with 0.9% saline, and brains removed and fixed in phosphate-buffered 4% paraformaldehyde for 48h before cryprotection with 30% sucrose. Free floating coronal sections (40 mm) were incubated overnight with either rabbit anti-phospho CREB (Ser133) 06-519 (1:1000; EMD Millipore), rabbit anti-Cleaved Caspase-3 (Asp175) antibody #9661 (1:400; CS Technology) or rabbit anti-c-Fos (Ab-5) (4-17) (1:10,000; Calbiochem) primary antibodies, and staining was revealed using biotinylated secondary antibodies and the ABC kit (Vector) with Diaminobenzidine (DAB, Sigma-Aldrich). Sections were mounted in phosphate buffer on superfrost plus microscope slides (ThermoFisher), allowed to dry overnight, briefly soaked in Citrisolv and coverslipped with Entellan. Individual cell number was quantified for c-Fos or cleaved caspase 3 using FIJI software (Version 1.0).
Nissl Staining
Sections were cut to 40 mm and mounted on superfrost plus microscope slides (ThermoFisher) and allowed to dry overnight. Slides were then soaked in 100% ethanol 3x2min each, and then immersed in Cresyl Violet (Sigma Aldrich) working solution for 10 min. Slides were then dipped in 95% ethanol, soaked in 100% ethanol 2x2min, then in Citrasolv 2x2min before being coverslipped with Entellan. Mean intensity was quantified using FIJI software (Version 1.0).
